Wastewater reuse has become an important part of the urban water supply portfolio in water stressed regions. Effective wastewater treatment processes are critical to protect public health during water reuse practices. However, the microbial removal efficiencies in wastewater reclamation plants are not routinely monitored due to the lack of a simple quantification method. This study applied a near real-time flow cytometry (FCM) technique to quantify the removal of total bacteria and viruses at three wastewater reclamation plants in Southern California. The results showed that the activated sludge process removed 1-2 log 10 of bacteria but was not efficient at removing viruses. The membrane bioreactor process was capable of removing both bacteria and viruses with high efficiency. At the plant using chloramines as the main disinfectant, even though culturable total coliform bacteria were effectively reduced to the level meeting the California Title 22 Water Recycling Criteria (7-day median of 2.2 most probable number (MPN)/100 mL, and no more than one sample exceeds 23 MPN/100 mL), the disinfected final effluent still contained greater than 10 6 bacterial and 10 8 viral particles per mL in. In contrast, more than 4 log 10 removal of both bacteria and viruses were observed at the plant using free chlorine as the main disinfectant. The results indicate that additional microbial indicators are needed and suggest the potential use of FCM as a rapid monitoring tool for evaluation of microbial removal.
Introduction
With the intensification of water scarcity in metropolitan cities, the reclamation of domestic wastewater has become a common practice to supplement the dwindling traditional water supplies in water stressed regions. For example, in 2012 the State of California in the United States recycled 670,000 acre-feet (8.3 × 10 9 m 3 ) of municipal wastewater, representing approximately 13% of its annual wastewater production [1] . The Groundwater Replenishment System (GWRS), located in Orange County, California, is the world's largest indirect potable reuse project, which produces 100 million gallon (4546 m 3 ) of highly purified water every day for groundwater recharge [2, 3] .
One of the biggest concerns of wastewater reuse is the transmission of waterborne diseases caused by microbial pathogens, including pathogenic enteric protozoa, bacteria and viruses, when treatment technologies are insufficient in removing/inactivating those pathogens [4, 5] . Over 80% of diarrheal cases worldwide are linked to unsafe water. Although the burden of waterborne disease is significantly reduced in the developed countries (e.g., helminthes related disease transmission has been eradicated in the U.S. thanks to the advanced sanitation and wastewater treatment systems), the use of human sewage as a source of drinking water raises concerns of the reemergence of infectious
Materials and Methods

Study Sites and Sampling Scheme
Three Southern California wastewater reclamation plants sampled in this study were designated as Plant A, B, and C, which include four different treatment processes. Plant A uses the activated sludge (AS) process followed by a high-rate clarifier and dual media filtration before chlorination ( Figure 1) . A new parallel train using a membrane bioreactor (MBR) was recently constructed to expand the plant treatment capacity from 18 million gallons per day (MGD) (68,137 m 3 /day) to 28 MGD (105,992 m 3 /day). The effluent from the MBR will be treated by UV disinfection in the near future. However, the UV disinfection facility was not online during the course of this study. The effluent from the MBR is currently combined with the effluent from the traditional AS train and disinfected with chlorine before being distributed as non-potable water for urban landscape irrigation and toilet flushing ( Figure 1 ). Plant B is designed to treat an average of 5 MGD (18,927 m 3 /day) of domestic wastewater through primary sedimentation, AS, followed by high-rate clarification and chlorine disinfection. The effluent is monitored using total coliform bacteria as an indicator to meet California Title 22 requirements for non-potable uses and is distributed primarily for urban landscape irrigation. Plant C is an advanced water reclamation plant. It takes the secondary effluent from a nearby traditional wastewater treatment facility for further treatments with the intention to use the treated effluent for indirect-potable reuse via groundwater recharge. In Plant C, 40 MGD (151,416 m 3 /day) of influent is initially treated by pre-ozonation to reduce the organic loads as a controlling measure of microfiltration (MF) membrane biofouling. The MF effluent is then treated by reverse osmosis (RO), followed by UV disinfection and chlorine disinfection (Figure 1 ). The sampling locations at each plant are indicated by the stars on the schematic of treatment trains (Figure 1 ). reverse osmosis (RO), followed by UV disinfection and chlorine disinfection (Figure 1 ). The sampling locations at each plant are indicated by the stars on the schematic of treatment trains ( Figure 1 ). Water samples (~500 mL) were collected in sterile Whirl-Pak bags at each sampling location approximately bi-weekly from June 2014 to January 2015. For chlorinated samples, 0.5 mL 10% sodium thiosulfate was added to neutralize the chlorine residual. All samples were transported on ice to the laboratory at the University of California, Irvine for immediate processing.
Quantification of Total Bacteria and Viruses
Upon returning to the lab, 1 mL of each water sample was fixed with glutaraldehyde at the final concentration of 3% (Sigma-Aldrich, St. Louis, MO, USA) and incubated in a 4 °C refrigerator for 15 min. Serial dilutions (10 −1 , 10 −2 , 10 −3 , 10 −4 dilution) were made for fixed samples using 1× Tris-EDTA (TE) buffer (pH = 7.8). The diluted samples were stained with SYBR Gold for 15 min in the dark at the final concentration of 0.5× (commercial stock 10,000×) [14] .
Total viruses and bacteria in the diluted stained samples were enumerated using a BD Accuri ® C6 Flow Cytometer following the protocol developed by Huang, et al. [14] . In brief, 20 μL of samples were tested for each run after thoroughly flushing the system with deionized (DI) water. For sample testing, the flow rate was set to medium (35 μL/min) and a threshold on Fluorescent channel 1 (FL1) was set to 500~650 to eliminate electronic background noise. A single-parameter histogram was used to identify the fluorescent peaks, with FL1 as the x-axis and counts as the y-axis (Figure 2a) . A FL1 vs. FL3 density plot was used to indicate different populations of particles (Figure 2b ). The dilutions with too low or too high events were not used in the final data analysis. Distinct signal clusters for each population were gated based on visual inspection of the FL1 vs. FL3 density plot to exclude the background and debris noise. The gated region R1 is defined as the cluster of viral particles and the region R2 is defined as the cluster of bacterial particles (Figure 2b ). The events in each gated area were collected and used to compute the concentrations of bacteria and viruses in each sample. The lower limit of detection (LLOD) for bacteria was identified by testing 0.2 μm membrane (Whatman, Pittsburgh, PA, USA) filtered samples; and 30K Da Amicon filter (EMD Millipore, San Diego, CA, USA) processed samples were used to set the LLOD for viruses. The bacterial and viral counts by FCM Water samples (~500 mL) were collected in sterile Whirl-Pak bags at each sampling location approximately bi-weekly from June 2014 to January 2015. For chlorinated samples, 0.5 mL 10% sodium thiosulfate was added to neutralize the chlorine residual. All samples were transported on ice to the laboratory at the University of California, Irvine for immediate processing.
Upon returning to the lab, 1 mL of each water sample was fixed with glutaraldehyde at the final concentration of 3% (Sigma-Aldrich, St. Louis, MO, USA) and incubated in a 4 • C refrigerator for 15 min. Serial dilutions (10 −1 , 10 −2 , 10 −3 , 10 −4 dilution) were made for fixed samples using 1× Tris-EDTA (TE) buffer (pH = 7.8). The diluted samples were stained with SYBR Gold for 15 min in the dark at the final concentration of 0.5× (commercial stock 10,000×) [14] .
Total viruses and bacteria in the diluted stained samples were enumerated using a BD Accuri ® C6 Flow Cytometer following the protocol developed by Huang, et al. [14] . In brief, 20 µL of samples were tested for each run after thoroughly flushing the system with deionized (DI) water. For sample testing, the flow rate was set to medium (35 µL/min) and a threshold on Fluorescent channel 1 (FL1) was set to 500~650 to eliminate electronic background noise. A single-parameter histogram was used to identify the fluorescent peaks, with FL1 as the x-axis and counts as the y-axis (Figure 2a) . A FL1 vs. FL3 density plot was used to indicate different populations of particles (Figure 2b ). The dilutions with too low or too high events were not used in the final data analysis. Distinct signal clusters for each population were gated based on visual inspection of the FL1 vs. FL3 density plot to exclude the background and debris noise. The gated region R1 is defined as the cluster of viral particles and the region R2 is defined as the cluster of bacterial particles (Figure 2b ). The events in each gated area were collected and used to compute the concentrations of bacteria and viruses in each sample. The lower limit of detection (LLOD) for bacteria was identified by testing 0.2 µm membrane (Whatman, Pittsburgh, PA, USA) filtered samples; and 30K Da Amicon filter (EMD Millipore, San Diego, CA, USA) processed samples were used to set the LLOD for viruses. The bacterial and viral counts by FCM are comparable to those measured by traditional epifluorescence microscopy with a lower LLOD achieved by the FCM assay [14] .
are comparable to those measured by traditional epifluorescence microscopy with a lower LLOD achieved by the FCM assay [14] . Figure 2 . Flow cytometry data analysis using a single-parameter plot (a) and density plot (b). The single-parameter plot identifies particle peaks (M1 and M2); the two-parameter density plot distinguishes different particle populations. The gated region in the density plot is used to quantify the number of counts in each cluster. The R1 region is defined as viral particles and the R2 region is defined as bacterial particles based on their relative fluorescent intensity.
Bacterial and Viral Removal Efficiency
FCM data outputs were analyzed using the following formula to generate the final counts of total bacteria or viruses.
, where C (counts/mL) is either bacterial or viral particle concentration; Count is the number of events in the R1 region for viruses, or the R2 region for bacteria; and V is the sample volume (μL) loaded in each run. Bacterial and viral removal at each step of the treatment process was calculated using log10 transformed count data. The removal efficiency was computed by subtraction of the log transformed effluent concentration from the influent concentration for each unit process. For samples with bacterial or viral concentration below the LLOD, the LLOD was used for the log removal efficiency calculation.
Results and Discussion
Quantification of Both Bacteria and Viruses by FCM
In this study, we investigated the potential of using a portable FCM as a process control method in wastewater reclamation plants. Figure 2 shows that the optimized FCM protocol was able to separate bacterial and viral signals while minimizing the interference of background noise. The current approach is effective at capturing both bacterial and viral particles in a single sample run (1 min/run) and can obtain results within 30 min of sample collection. In comparison with traditional culture-based or PCR-based methods, which target specific bacteria or viruses, FCM provides a near real-time option for total bacterial and viral assessment. This is of great importance for process control in water reclamation, especially for the future implementations of direct potable reuse projects, because less reaction time will be available to adopt corrective actions in the event of a treatment failure. The LLODs for bacteria and viruses were determined as ~10 2 and ~10 4 /mL, respectively, based on the blank testing results. Increasing the sample loading volume (up to 500 μL) can further improve the LLOD, however, it would take longer time to complete each run (15 min/run). Larger loading volume may also contribute more system noise and potentially reduce the signal/noise ratio. For extremely clean water (e.g., RO effluent), the concentrations of bacteria and viruses are in the magnitude of one in several or hundreds of liters of water. Therefore, a pre-concentration step is indispensable to get a positive result. Further study is needed to determine The single-parameter plot identifies particle peaks (M1 and M2); the two-parameter density plot distinguishes different particle populations. The gated region in the density plot is used to quantify the number of counts in each cluster. The R1 region is defined as viral particles and the R2 region is defined as bacterial particles based on their relative fluorescent intensity.
Bacterial and Viral Removal Efficiency
FCM data outputs were analyzed using the following formula to generate the final counts of total bacteria or viruses. C Particles mL = Count V × 1000 µL 1 mL × Dilution Factor, where C (counts/mL) is either bacterial or viral particle concentration; Count is the number of events in the R1 region for viruses, or the R2 region for bacteria; and V is the sample volume (µL) loaded in each run. Bacterial and viral removal at each step of the treatment process was calculated using log 10 transformed count data. The removal efficiency was computed by subtraction of the log transformed effluent concentration from the influent concentration for each unit process. For samples with bacterial or viral concentration below the LLOD, the LLOD was used for the log removal efficiency calculation.
Results and Discussion
Quantification of Both Bacteria and Viruses by FCM
In this study, we investigated the potential of using a portable FCM as a process control method in wastewater reclamation plants. Figure 2 shows that the optimized FCM protocol was able to separate bacterial and viral signals while minimizing the interference of background noise. The current approach is effective at capturing both bacterial and viral particles in a single sample run (1 min/run) and can obtain results within 30 min of sample collection. In comparison with traditional culture-based or PCR-based methods, which target specific bacteria or viruses, FCM provides a near real-time option for total bacterial and viral assessment. This is of great importance for process control in water reclamation, especially for the future implementations of direct potable reuse projects, because less reaction time will be available to adopt corrective actions in the event of a treatment failure. The LLODs for bacteria and viruses were determined as~10 2 and~10 4 /mL, respectively, based on the blank testing results. Increasing the sample loading volume (up to 500 µL) can further improve the LLOD, however, it would take longer time to complete each run (15 min/run). Larger loading volume may also contribute more system noise and potentially reduce the signal/noise ratio. For extremely clean water (e.g., RO effluent), the concentrations of bacteria and viruses are in the magnitude of one in several or hundreds of liters of water. Therefore, a pre-concentration step is indispensable to get a positive result. Further study is needed to determine the volume of water that should be concentrated before testing. This would be based on the designed log removal validation goal as well as the recovery rate of the concentration method.
Removal through AS, High Rate Clarification and Dual Medium Filtration
Bacterial and viral concentrations determined by FCM for each treatment process are presented in Figure 3 . The seasonal variations at each sampling location throughout the eight months sampling period were small (relative standard deviation <5%). The primary effluents (PE) contained~10 8 /mL bacteria and a slightly higher concentration of viruses as observed in plants A and B (Figure 3a,b) . The viral concentration observed was similar to those reported in other studies (on the order of 10 8 -10 10 viral like particles (VLPs)/mL). The bacterial concentration was about 1-2 log 10 higher than those normally reported in wastewater (on the order of 10 6 -10 7 cells/mL) [16, 17] . the volume of water that should be concentrated before testing. This would be based on the designed log removal validation goal as well as the recovery rate of the concentration method.
Bacterial and viral concentrations determined by FCM for each treatment process are presented in Figure 3 . The seasonal variations at each sampling location throughout the eight months sampling period were small (relative standard deviation <5%). The primary effluents (PE) contained ~10 8 /mL bacteria and a slightly higher concentration of viruses as observed in plants A and B (Figure 3a,b) . The viral concentration observed was similar to those reported in other studies (on the order of 10 8 -10 10 viral like particles (VLPs)/mL). The bacterial concentration was about 1-2 log10 higher than those normally reported in wastewater (on the order of 10 6 -10 7 cells/mL) [16, 17] . The secondary treatment through the AS process and high rate clarification (Plant A Train 1 and Plant B) processes reduced 1-2 log 10 of bacteria, but the viral concentration remained largely the same in the effluent (Table 1 ). The results indicated that the high rate clarification, using alum as coagulant, was only effective for bacterial removal, but the process did not settle viruses very well. Adversely, in a bench-scale study, Shin et al. [18] found that under optimized conditions, 1.5 log 10 removal of norovirus and poliovirus, and 2 log 10 removal of coliphage MS2 can be achieved. The discrepancy indicates that better process control in terms of coagulant dose, pH, flocculation time and flocculation speed may enhance viral removal, but optimizing these procedures is more challenging in a full scale wastewater treatment plant than with a bench-scale jar test. The removal of viruses during the coagulation/flocculation process is not only governed by sedimentation, but can also be induced by inactivation. Studies have shown that some coagulants are toxic to viruses, although the virucidal effect varies among different types of viruses. Bacteriophage MS2 was found to be more sensitive to polyaluminum chloride than enteric adenoviruses and poliovirus [19] . Thus, MS2, as a traditional surrogate virus, may not properly represent the fate of enteric viruses during the coagulation/sedimentation process. In a few sampling days, the total virus counts in the secondary effluent were even higher than that in the influent. Since viruses can only propagate within their hosts, the increase is likely due to the proliferation of bacteriophages during the AS process, in which their host concentrations (bacteria) are intentionally increased by the returned sludge. This speculation is also supported by several recent metagenomic studies on reclaimed water viromes, which have shown that the identifiable viral sequences were dominated by bacteriophages [16, 20] . The dual-media filtration, as observed in Plant A, showed little removal of bacteria and viruses (Table 1 ). This observation is not surprising since dual media filters, using an anthracite coal layer followed by a sand layer, are designed to reduce particles greater than the average pore size of 1.05-1.15 mm. Therefore, they are not effective at removing much smaller microorganisms including viruses and bacteria [7, 21] .
Removal through MBR, MF and RO
In plant A, the secondary treatment through an MBR, which is used as a parallel train to the AS train, showed high efficiencies of bacterial and viral removal. Both organisms in the MBR effluent (MBRE) were below the LLOD over the course of the study (Figure 3a ). An MBR combines oxygenated biological treatment with an MF membrane for the removal of suspended solids. Size exclusion is the main mechanism of bacterial removal during the MBR process, as most of the bacteria are larger than the nominal pore size of the MF membrane (0.1 µm) [22] . However, the high removal rate (>4 log 10 ) of viruses observed in the MBR process may not be explained by size exclusion only, as most of the viruses, especially bacteriophages (diameter <0.1 µm), would pass through the membrane if only particle size is considered. In a pilot scale MBR test, Hirani et al. [23] found that the removal rates of the seeded MS2 by the six MBR systems ranged from 1.0 to 4.4 log 10 , but the differences in membrane pore size (0.04-0.2 µm) did not show a substantial impact on the removal rates. The adsorption of viruses to mixed liquor suspended solids (MLSS) is believed to play an important role in viral removal in MBR process. In a recent study, Branch et al. [24] reported that biological predation in MLSS is responsible for up to 1 log 10 removal of F-specific RNA (FRNA) bacteriophage in the MBR, but the 4-7 log 10 removal of the viruses was linked to the filtration process. The adsorption efficiency of different virus groups is determined by their surface charge and hydrophobic properties. Enteroviruses were found to be less associated with MLSS than norovirus GII and sapoviruses, which resulted in a lower removal in the MBR [25] . Other studies have also shown that biofilm formed on the membrane surface functioned as a secondary barrier to microorganisms and high molecular weight organic materials. For example, phage removal efficiency was increased from 2.6 to 5.6 log 10 as the physical irremovable fouling (caused by pore blocking which must be eliminated by chemical cleaning) accumulated, while removable fouling (caused by the formation of a cake layer which can be easily eliminated by physical cleaning) did not have any effect on the retention of viruses by the membrane [22] .
In plant C, the MF process is mainly used as a pretreatment step to prevent the fouling problem of the RO process. Like the MBRE, bacterial and viral counts in the MF effluent (MFE) were below the LLOD of the assay (Figure 3) indicating at least 5.10 log 10 and 4.25 log 10 removal of bacteria and viruses, respectively (Table 1) . However, this result does not agree with our previous work at a different local water reclamation plant, where only 1 log 10 reduction of virus was observed through the MF process [14] . The inconsistency highlights the uncertainty of the viral removal rate of the MF process under real-world conditions. In this study, the high viral removal rate may be explained by the MF influent water quality (see Section 3.4 for the ozonation process) and the frequent MF fouling in Plant C [26] . The severe fouling of MF improves the removal rate of microorganisms at the cost of a loss in water production efficiency.
Overall, the results in the current study showed that the MBR system in the secondary treatment process can achieve a similar microbial removal rate compared to the MF process, and thus, holds the potential to substitute the standalone MF process in tertiary treatment. In the future, if plant A is extended for indirect/direct potable water production, the MBRE can directly be fed to the RO process, and thus largely simplify the treatment train [27] .
Both bacteria and viruses were below the LLOD after RO in Plant C. RO is the most important barrier of the whole treatment train, which theoretically removes all microbial pathogens. However, to-date, due to the lack of a real-time, online integrity monitoring tool, there is a gap between the log removal credit assigned to this process (determined by integrity testing approved by regulators) and its actual log removal capacity [28] . Compared to other direct (e.g., pressure/vacuum hold, diffusive air flow and bubble point test) or indirect monitoring methods (e.g., conductivity, turbidity, total organic carbon), FCM targeting indigenous viral particles themselves provides the most convincing evidence to demonstrate the integrity of the RO membrane. Further development on the automation of sample collection, concentration and testing is needed to facilitate the use of FCM as a true real-time monitoring tool.
Removal through Ozonation and Chlorination
In sedimentation and filtration processes, the reduction of bacteria and viruses is achieved primarily through physical removal. In contrast, disinfection (inactivation) is the main mechanism responsible for the removal of bacteria and viruses in ozonation and chlorination processes. In other words, bacterial and viral particles may still be present in the treated water, but they are non-viable or have lost their infectivity.
The influent samples for Plant C is the secondary effluent (SE) from a nearby treatment plant. The bacterial concentration in the influent is nearly an order of magnitude higher than the SE from plant A and B, while the viral concentration is comparable to the other two plants (Figure 3c) . Depending on the levels of organic content and total suspended solids (TSS), a transferred ozone dose (TOD) of between 2 and 15 mg/L was normally required to meet the initial ozone demand in SE (the World Health Organization standard) for the production of irrigation water (1000 fecal coliform/100 mL). To meet more stringent regulations like Title 22, an filtration step is needed to reduce the amount of TSS before ozonation [29] . The results from Plant C showed that the ozone concentration (10-20 mg/L) applied to the SE did not cause any significant changes in bacterial and viral particle counts in the ozone reactor effluents (ORE) (Figure 3c) . However, the infectivity of these particles is unclear, since the FCM protocol used in the current study does not differentiate live and dead bacteria, nor does it provide information on viral infectivity. Ozone disinfection was mostly attributed to the damages of the bacterial cell membrane or the protein coat of viruses. The damage to DNA might have occurred, but only if ozone dosages were very high [30, 31] . The current result indicated that the applied ozone dose in Plant C did not affect the bacterial and viral DNA/RNA integrity. In addition, the fouling problem at Plant C did not alleviate after the installment of the ozonation process [26] . In fact, studies have shown that the BOD level increased up to 20% after ozonation due to the degradation of some refractory organics [29] . The increase of available nutrients may stimulate the growth of biofilm on the MF membrane, and therefore, further study is needed to evaluate the impact of ozonation on the treatment train.
Chlorination was employed at both Plant A and B for SE disinfection. The concentration of total coliform bacteria in the final effluent, measured daily at both plants, meets the California Title 22 Water Recycling Criteria (7-day median of 2.2 most probable number (MPN)/100 mL, and no more than one sample exceeds 23 MPN/100 mL). Figure 3a shows that both bacteria and viruses in the chlorinated Plant A effluent were below the LLOD of the FCM, which corresponds to 3.7 log 10 removal of bacteria and 4.3 log 10 removal of viruses (Table 1) . Surprisingly, little to no reduction of FCM counts was observed during the chlorination process at Plant B (Figure 3b ). This dichotomy in observation required further examination of plant operation conditions to understand the factors that influence the effect of chlorine on bacterial and viral removal.
Both plants target the final concentration of total chlorine of 10 mg/L with a CT (concentration multiples by contact time) value of 1200 mg min/L. In the chlorine disinfection tanks of plant A, free chlorine residual in the effluent of the chlorine contact tank was 7 mg/L on average based on the daily data over the year of 2014. For Plant B, total chlorine was measured at the beginning and at the end of the chlorine contact tank, where the annual average concentrations of 12 and 9 mg/L was found, respectively. Further data analyses revealed that the influent water quality to the chlorine disinfection tank was dramatically different in Plant A and B. For Plant A, the AS process operated in a nitrification/denitrification model using a methanol augmented anoxic zone at the head of the aeration system. The concentration of ammonia in the disinfection tank influent averaged 0.39 mg/L for the study period (Table 2 ). In contrast, nitrogen removal is not part of the permit requirement for Plant B, and therefore a high concentration of ammonia was found in the influent to the disinfection tank (Table 2 ). It is apparent that, in Plant B, the total chlorine residual was predominantly in the form of monochloramine with the presence of low levels of di-and tri-chloramines depending on the pH. As a disinfectant, monochloramine is as effective as free chlorine for bacteria inactivation at a high dose or after prolonged contact time [32] . Jacangelo et al. [33] found that at a concentration normally used for disinfection (2-20 mg/L), monochloramine did not severely affect the bacterial nucleic acid structure. The inactivation was mainly due to the inhibition of protein-associated biological processes, such as bacterial respiration, membrane transport and substrate dehydrogenation. In contrast, free chlorine is a much stronger, non-discriminative oxidant, especially in the form of electrically neutral (HClO) under acidic conditions. (HClO) can penetrate the negatively charged bacterial cell walls and cause severe damage to the inner cell components such as nucleic acid [34] . The high bacterial particle counts in the effluent of plant B indicate that most of the bacterial cells still maintain their DNA integrity (Figure 3b ). It is possible that some of the pathogenic bacteria are still alive or enter a state called "viable but non-culturable". Even greater concerns are associated with the high viral concentration in these samples. Chloramines are generally ineffective for virus inactivation [15, 35] . In a study on the chlorine disinfection of primary effluent, less than 0.5 log 10 reduction of bacteriophage MS2 (a commonly used enteric virus indicator) was observed when 5 log 10 inactivation of indicator bacteria (E. coli and Enterococcus) was achieved [9] . Therefore, potential viral infection risk may still exist during water reuse practices. 
Inadequacy of Current Microbial Water Reuse Criteria
All three Southern California water reclamation plants investigated in this study are in compliance with the current regulatory requirement for water reuse. The dramatic difference in the concentrations of total bacteria and viruses observed in the Plant A and Plant B final effluent implies that FCM can provide a more comprehensive picture of the microbial removal rates during wastewater treatment processes than total coliform bacteria. This result raises the question of the adequacy of the current regulatory requirement for water reuse. It is obviously challenging to directly measure individual human pathogens in the final effluent for reuse purposes. However, total coliform bacteria as the sole indicator for human pathogens, including viruses and protozoa, is likely to underestimate the potential health risk [4] . In fact, U.S. EPA is currently considering the adoption of coliphage as an additional indicator for viruses for regulating wastewater effluent and recreational water quality. In addition, there is no real-time and online tool in the market for microbial water quality monitoring at water reclamation plants. The information on the microbial removal through conventional wastewater treatment processes is limited. This information gap has become a major source of uncertainty for the water reclamation trains, which also affects the potential pathogen removal credits allocable to these processes. The total bacterial and viral measurements determined by FCM are fast, easy, and have the potential for automation and real-time data collection. Therefore, it could be an ideal tool for unit process control. Although the total bacterial and viral particle counts may not reflect the viability/infectivity of the microorganisms, the approach is more conservative in a log removal rate analysis, as it includes injured bacteria/viruses that may be missed by culture-based methods.
Conclusions
•
The traditional secondary AS process with a high rate of clarification removed 1-2 log 10 of bacteria but was not effective at viral removal.
The MBR achieved similar bacterial (5 log 10 ) and viral (4 log 10 ) removal rates in comparison with the standalone MF process.
For disinfection, both chloramine and free chlorine are equally effective in reducing total coliform bacteria to meet the water reuse criteria. High concentrations of bacterial and viral particles were still present in the final effluent after chloramine disinfection, while both organisms were below the LLOD of FCM in the final effluent of the plant using free chlorine as its main disinfectant.
• Current water reuse criteria, using total coliform bacteria as the sole indicator of microbial quality, may underestimate the potential health risk under certain conditions. FCM targeting indigenous total bacteria and viruses shows potential as a rapid monitoring tool for the evaluation of microbial removal.
